INTRODUCTION
============

Tyrosine phosphorylation is a fundamental mechanism for numerous important aspects of eukaryotic physiology, human health and diseases [@B001]-[@B004]. Although tyrosine phosphorylation is regulated by the equal and balanced action of protein tyrosine kinases (PTKs) and protein tyrosine phosphatases (PTPs), the important roles of PTPs had not been recognized until recently. It is known that the human genome has a set of 107 genes that encode members of PTP families whereas is also a set of 90 genes encoding PTK families. PTPs are considered to have comparable substrate specificities and non-redundancies in cellular functions to PTKs.

Based on the amino acid sequences of their catalytic domains, the PTPs can be grouped into four separate families, each with a range of substrate specificities: the cysteine-based PTPs of classes I, II, and III, and aspartate-based PTPs. There are 38 strictly tyrosine specific 'classical' PTPs among the 99 class I cysteine-based family of PTPs. All receptor-type PTPs (RPTPs) belong to the classical PTPs and they are represented in the human genome by 21 genes [@B005]. They usually possess two intracellular phosphatase domains, and their extracellular domains are highly variable. RPTPs can be classified into several subtypes, based on the structure of their extracellular segments: types I, IIA, IIB, III, IV, and V [@B006]. The structure of RPTPs suggests that they function as an interface between the extracellular environment of a cell and its intracellular signaling pathways [@B007]-[@B009]. The type II class of RPTPs can be defined as a combination of immunoglobulin-like (Ig) domains and fibronectin type III (FN-III) repeats in the ectodomain. There is a potential proteolytic cleavage site within the membrane-proximal FN-III repeat of type II RPTPs, and extracellular N-terminal segment and an intracellular membrane bound C-terminal segment could be generated [@B010]-[@B012]. The extracellular segment is generally thought to remain non-covalently associated with the membrane-bound intracellular segment. These transmembrane molecules are known to be connected with signal transduction, cell adhesion, and neurite outgrowth [@B006], [@B013]-[@B015].

PTPRT LOCALIZED TO NEURONAL SYNAPSES
====================================

PTPRT (protein tyrosine phosphatase receptor T; receptor protein tyrosine phosphatase rho, RPTPρ) is a member of the type IIB RPTP family. Among the type II class, type IIB RPTPs are characterized by the presence of a N-terminal meprin/A5/PTPμ (MAM) domain. To date, four type IIB phosphatases have been reported: PTPμ, PTPκ, PCP-2, and PTPRT. PTPRT is the most recently isolated member of the IIB family, and the role of PTPRT had not been well understood [@B016], [@B017]. The expression of PTPRT has been known to be largely restricted to the central nervous system (CNS) through Northern blot and *in situ* hybridization studies [@B018]. When a Western blot of rat organs was carried out with a monoclonal antibody specific to the PTPRT catalytic domain, PTPRT proteins were expressed only in the brain and expression of PTPRT was shown to be developmentally regulated [@B012] ([Fig. 1](#F001){ref-type="fig"}A, B). A 90-kDa cleavage fragment of PTPRT was evident in the early development stages of the rat brain, but its expression became undetectable from 3 weeks. On the other hand, the expression level of the full-length (210 kDa) and another fragmented (110 kDa) proteins, assumed to be a membrane-bound intracellular segment, increased gradually up to 3 weeks of age.

![PTPRT regulates synaptic formation and dendritic arborization in hippocampal neurons. (A) Tissue distribution patterns of PTPRT revealed by Western blot analysis. Monoclonal antibodies specific for PTPRT were used. Br, brain; Ht, heart; Lv, liver; Lu, lung; Kd, kidney; Ts, testis; Tm, thymus; Sp, spleen; Sm, skeletal muscle. PSD-95 and β-catenin were used as controls. (B) Developmental pattern of PTPRT in the rat brain. E, embryonic; P, postnatal days. PSD-95 was used as a control. (C, D) PTPRT co-localized to neuronal synapses stained with synaptophysin and PSD-95. Scale bar, 20 μm. (E) The number of excitatory synapses (vGLUT-positive PSD-95 clusters). Mean ± SEM. n = 30 dendrites for control, 31 for WT-RT (wild-type), and 30 for 2cs-RT (inactive). Scale bar, 10 μm. (F) The number of inhibitory synapses (vGAT-positive gephyrin clusters). Mean ± SEM. n = 27 dendrites for control, 28 for WT-RT, and 28 for 2cs-RT. Scale bar, 10 μm. (G) PTPRT knock-down of PTPRT in cultured neurons decreased the frequency, but not amplitude, of mEPSCs (n = 12 for control and n = 10 for shRNA). (H) Attenuated dendritic arborization upon knockdown of PTPRT. When rat hippocampal neurons were transfected with PTPRT-shRNA, the numbers of dendrites and arborization were decreased significantly and rescued by the addition of Resc PTPRT in this context. Mean ± SEM of data from 9 control neurons, 10 PTPRTshRNA neurons, and 9 PTPRT-shRNA + Resc PTPRT neurons are shown. Scale bar, 100 μm.](BMB-48-249-g001){#F001}

In cultured hippocampal neurons, PTPRT was localized to both excitatory and inhibitory synapses [@B012] ([Fig. 1](#F001){ref-type="fig"}C, D). Overexpression of PTPRT increased the number of dendritic spines, and excitatory and inhibitory synapses ([Fig. 1](#F001){ref-type="fig"}E, F). In contrast, knockdown of PTPRT inhibited synaptic formation, decreased synaptic transmission, and attenuated dendritic arborization of hippocampal neurons [@B012], [@B019] ([Fig. 1](#F001){ref-type="fig"}G, H). From these results, PTPRT newly appeared as a potentially important player in synaptic function and neuronal development.

REGULATION OF SYNAPTIC FORMATION BY PTPRT
=========================================

There are several suggestions about the ways in which PTPRT regulates synaptic formation. First, PTPRT induces synaptic formation by acting as a cell adhesion molecule ([Fig. 2](#F002){ref-type="fig"}A). Although many RPTPs are orphan receptors and their functional ligands remain largely unknown, they have been shown to be involved in the regulation of neuronal adhesion, axon growth and guidance [@B007]. Most of the type IIB RPTP forms a homophilic *trans* (antiparallel) dimer [@B020]. The crystal structure of the PTPRM (RPTPμ) ectodomain has been described to form a homophilic *trans* (antiparallel) dimer with an extended and rigid architecture [@B021]. PTPRT also has been shown to form a homophilic *trans* dimer through its extracellular ectodomain when its recombinant ectodomain was tested as a pre-bound form to protein A-agarose beads [@B012]. In addition, the possibility of forming a homophilic *trans* dimer was checked in hippocampal neurons; dendritic spines and synaptic puncta were decreased when hippocampal neurons were incubated with PTPRT ectodomain. Recombinant PTPRT ectodomain decreased synaptic formation by inhibiting the interactions between ectodomains of PTPRT protruded from pre- and post-synapses.

![*cis*-homophilic interactions of PTPRT are reinforced through tyrosine phosphorylation by Fyn tyrosine kinase. (A, B) PTPRT appears to induce synaptic formation through *trans*-homophilic interactions with each other, and *cis*-heterophilic interaction with neuroligin and neurexin. (C) Synaptic molecules could be recruited to PTPRT by neuroligin and neurexin. Activated PTPRT dephosphorylates many synaptic substrates and regulates synaptic functions. (D) When Fyn tyrosine kinase phophorylates tyrosine 912 of PTPRT, *cis*-homophilic interaction is induced, PTPRT activity is inhibited, and synaptic formation is attenuated. (F) In the crystal structure of PTPRK/RPTPκ (pdb code: 2c7s), tyrosine 892 is equivalent to tyrosine 912 fin PTPRT. Left, overall view of PTPRK D1 catalytic domain. The wedge moiety is shown as cyan, while the rest of the molecule is shown as yellow. The catalytic cysteine and the tyrosine residue are colored green. Right, close-up view of PTPRK near tyrosine 892. The residues involving the close contacts with tyrosine 892 are shown as sticks.](BMB-48-249-g002){#F002}

Secondly, PTPRT induces synaptic formation through interactions with neuroligin and neurexin [@B012] ([Fig. 2](#F002){ref-type="fig"}B). Neuroligin and neurexin have been known to play important roles for synaptic formation through their rigorous interactions, and each of them recruits synaptic components in pre- and post-synapses, respectively [@B022], [@B023]. Neuroligin was found as an interaction partner of PTPRT from rat synaptosomes using a novel method of sequential immunoprecipitation with an anti-PTPRT monoclonal antibody and then identification with tandem mass spectrometry. In an experiment using recombinant proteins, PTPRT appeared to *cis*-interact with neuroligin and neurexin [@B012]. PTPRT functionally interacts with neuroligin and neurexin in synaptic formation; overexpression of PTPRT increased the puncta of neuroligin, and knockdown of PTPRT inhibited the induction of synaptic formation by neuroligin in hippocampal neurons.

In cultured hippocampal neurons, PTPRT knockdown decreased the frequency of mEPSCs; this result indicates that PTPRT is involved in pre-synaptic functions like neurotransmitter release [@B012]. Through sequential immunoprecipitation and tandem mass spectrometry, Syntaxin-binding protein (Sec/Munc18-like protein) also was found as a candidate interaction partner of PTPRT [@B024]. Syntaxin-binding protein is not a member of the SNARE proteins (soluble N-ethylmaleimidesensitive factor attachment protein receptor protein), but it is linked to synaptic vesicle fusion by virtue of its tight binding to Syntaxin [@B025], [@B026]. The tyrosine 145 residue, located around the linker between Domain 1 and 2 of Syntaxin-binding protein, was shown to be dephosphorylated by PTPRT, and the interaction of Syntaxin-binding protein with Syntaxin was enhanced by dephosphorylation of tyrosine 145 [@B024]. Previously, PTPRT was suggested to localize to synaptic vesicles when sub-cellular fractionation was carried out with rat brains [@B012]. Thus, PTPRT appears to regulate synaptic vesicle fusion machinery and to control neurotransmitter release in presynaptic vesicles through the dephosphorylation of Syntaxin-binding protein. As a result, PTPRT induces neuronal synaptic formation by acting as a neuronal adhesion molecule, and by controlling neurotransmitter release.

REGULATION OF DENDRITIC ARBORIZATION BY PTPRT
=============================================

PTPRT knockdown elicited the attenuation of dendritic arborization, as well as synaptic formation in hippocampal neurons [@B012], [@B019]. Regulation of dendritic arborization is very important for neuronal development and effective neural connections because the dendritic branching pattern determines the numbers and type of inputs that a neuron can receive [@B027]. Actin cytoskeletal formation is fundamental component for morphogenetic processes in neurons, and Rho GTPases mediate morphological changes during neuronal development by serving as critical regulators of actin cytoskeletal formation [@B028]-[@B030]. Among Rho GTPases, Rac1 is one of the most extensively studied members in the field of dendritic arborization and spine morphology [@B031].

Breakpoint cluster region (BCR) protein is a Rac1 GTPase-activating protein that is expressed abundantly in the nervous system [@B032]-[@B034]. BCR was found to be a new neuronal substrate of PTPRT, and PTPRT is known to regulate dendritic arborization through BCR [@B019]. The activity of the BCR GTPase-activating domain was modulated by means of conversions between the intra- and inter-molecular interactions, which are finely regulated through the dephosphorylation of a specific tyrosine residue by PTPRT. When tyrosine 177, located on the BCR N-terminus, was dephosphorylated by PTPRT, the interaction between the BCR N- and C-termini was enhanced. As a result, multimerization of BCR molecules was attenuated and the GTPase activity of BCR was inhibited. Paxiliin has been found to be dephosphorylated by the intracellular part of PTPRT expressed in HEK cells, and identified as a substrate of PTPRT [@B035]. Paxiliin is a multi-domain adaptor found at the interface between the plasma membrane and the actin cytoskeleton, and PTPRT appears to control the linkage of the actin cytoskeleton to focal adhesions [@B036]. In conclusion, PTPRT dephosphorylated BCR, decreased GTPase activity, increased polymerization of the actin cytoskeleton, and enhanced dendritic arborization as well as spine formation in hippocampal neurons.

REGULATION MECHANISM OF PTPRT ACTIVATION
========================================

What mechanism could control the activity of PTPRT catalytic domains? Fyn tyrosine kinase was found to interact with PTPRT and it phosphorylated the tyrosine 912 residue of PTPRT [@B012] ([Fig. 2](#F002){ref-type="fig"}C). Fyn tyrosine kinase inhibited PTPRT activation and attenuated synaptic formation when co-expressed with PTPRT in hippocampal neurons ([Fig. 2](#F002){ref-type="fig"}D). Tyrosine 912 is located in the interface between the wedge and the body of the membrane-proximal catalytic domain of PTPRT. Phosphorylation of tyrosine 912 appeared to induce the detachment of the wedge from the body of the catalytic domain and allowed the flexible wedge to enter the catalytic pocket of the other monomer deeply [@B037], [@B038] ([Fig. 2](#F002){ref-type="fig"}E). In an experiment using PTPRT tagged differentially, multimerization of PTPRT was enhanced when Fyn kinase was coexpressed. Phosphorylation of PTPRT strengthened the dimerization of the *cis*-form, and eventually inhibited the catalytic activity of PTPRT. A PTPRT mutant mimicking phosphorylation of tyrosine 912 lost its phosphatase activity in an *in vitro* PTP assay carried out with recombinant PTPRT catalytic domain protein. Inhibition of PTPRT activation elicited dysfunction of synaptic molecules and disorder in neuronal development. Dimerization of PTPRT also appeared to prevent heterophilic interactions between PTPRT and neuroligin, and then attenuated synaptic formation [@B012].

MUTATIONS IN THE PTPRT GENE IN NEURONAL DISEASES
================================================

The human PTPRT gene is located on chromosome 20q12-13.1, while the mouse gene is located in a syntenic region of chromosome 2 [@B005], [@B018]. Although the expression of PTPRT has been shown to be restricted to the murine brain and spinal cord, many missense and nonsense mutations were identified in PTPRT gene from human colorectal, lung, breast cancers [@B016], [@B018], [@B039]. Among them, five missense mutations were found to reduce phosphatase activity, and expression of wild-type, but not a mutant, PTPRT in human cancer cells inhibited cell growth. In fact, colon tumors were easily induced in PTPRT knockout mice by carcinogens, and thus PTPRT could be a tumor suppressor ordinarily [@B036].

Recently, exome sequencing in small families with intellectually disabled siblings identified potentially pathogenic variants in the PTPRT gene [@B040]. Although PTPRT mutation has any chance of becoming polymorphism, the combination of a heterozygous missense variant, p.Thr1365Met, and a heterozygous intronic deletion of 150 kb was reported to elicit severe intellectual disability. From this result, PTPRT was suggested to regulate synaptic functions and neuronal development of human brains. Previously, it was reported that chromosome 20q11.21-q13.12, containing the PTPRT gene, was found as a significant region for autism spectrum disorder when a high-density, single-nucleotide polymorphism (SNP), genome-wide scan was performed on a six-generation pedigree [@B041]. Knock-in mice carrying the PTPRT D1046A trapping mutation have been found to have higher social approach scores than wild-type animals [@B042]. Mutation of aspartate to alanine (D1046A) in the PTPRT catalytic domain was known to inactivate phosphatase activity but to retain substrate binding. The behavioral changes suggest that the function of PTPRT phosphatase is indispensable in modulating neural pathways involved in mouse social behaviors, possibly relevant to the symptoms in human autism spectrum disorder patients.

CONCLUSIONS
===========

PTPRT performs its role in the extracellular environment through its ectodomain and concurrently carries out intracellular functions with its phosphatase domain. The ectodomain of PTPRT resembles a cell-adhesion molecule and PTPRT forms a homophilic dimer. PTPRT is activated when it forms a homophilic *trans* (antiparallel) dimer, and is inactivated when it forms a homophilic *cis* (parallel) dimer. The PTPRT *trans* dimer dephosphorylates synaptic molecules, and interacts with neuronal adhesion molecules. PTPRT phosphorylation of tyrosine 912 induces *cis* dimerization of PTPRT by letting the flexible wedge obstruct the catalytic pocket of the other monomer. PTPRT could control Rac1 GTPase activity of BCR, enhance the polymerization of the actin cytoskeleton, and regulate formation of dendritic spines and arborization of hippocampal neurons ([Fig. 3](#F003){ref-type="fig"}). PTPRT also controls the interaction of Syntaxin binding protein with SNARE proteins and the release of neurotransmitter.

![Dendritic arborization and spine formation regulated by PTPRT activation. In pre-synapses the interaction between Syntaxin-binding protein and SNARE proteins is strengthened by PTPRT. PTPRT dephosphorylates tyrosine 145 located around the linker between Domains 1 and 2 of Syntaxin-binding protein, and the structure of Syntaxin-binding protein is changed for enhancement of interaction between Syntaxin-binding protein and Syntaxin that elicits neuronal transmission through increased neurotransmitter release. Actin cytoskeletal formation is a fundamental component for morphogenetic processes in neurons, and Rac1 GTPases mediate morphological changes during neuronal development. The activity of the BCR Rac1 GTPase-activating domain is modulated through the dephosphorylation of a specific tyrosine residue by PTPRT. When tyrosine 177 located on BCR N-terminus is dephosphorylated by PTPRT, the interaction between the BCR N- and C-termini is enhanced. As a result, GTPase activity of BCR is inhibited and polymerization of the actin cytoskeleton is increased. pY, phosphorylated tyrosine residue; Y, dephosphorylated tyrosine residue.](BMB-48-249-g003){#F003}

Recently, many mutations of the PTPRT gene have been found in human patients with psychiatric disorders, like autism and intellectual disability, and PTPRT becomes noticed for its role in the central nervous system. Because PTPRT is localized in neuronal synapses and regulates synaptic formation, the deficit of PTPRT activity appears to elicit delayed brain development and neuronal diseases. Thus, PTPRT and its signal pathway in the brain could be possible targets for brain disease treatment.
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